Abstract The manuscript discusses the abrasive water jet machining (AWJM) of Al-NiTi and Al-NiTi-nano SiC composites to understand the influences and the effect of each parameter and to indentify optimal combination of AWJM parameters. The experiments are planned and conducted based on L 27 orthogonal array. Pressure, standoff distance, and transverse feed rate are considered as input parameters; surface roughness and kerf angle are considered as output parameters. Gravitational search algorithm (GSA) is employed to identify the best possible combination of AWJM parameters. Regression model is used to develop the surface roughness and kerf angle model for Al-NiTi and Al-NiTi-nano SiC composites. The developed mathematical model is used as fitness function in GSA. It is found from the result of GSA that the optimal value for surface roughness of Al-NiTi composite is set at pressure 176 kPa, standoff distance 1 mm, and transverse feed 20 mm/min and for Al-NiTi-nano SiC composite is set at pressure 180 kPa, standoff distance 1.1 mm, and transverse feed 20 mm/min. Similarly, for kerf angle, the optimal value for Al-NiTi composite is set at pressure 260, standoff distance 1 mm, and transverse feed 20 mm/min and for Al-NiTi-nano SiC composite is set at pressure 255 kPa, standoff distance 1 mm, and transverse feed 20 mm/min. Analysis of variance is also performed to understand the effect of each input parameter on output response.
Introduction
Machining is one of the mostly used processes in manufacturing sector to produce the desired shape, size, surface finish, and closer dimensional tolerance products. The performance of the part depends upon the type of machine, machining condition, and material used during the production process [1] . Nowadays, the use of conventional machining process is limited due to the development of stronger and difficult-to-cut material such as nickel, titanium, shape memory alloy (SMA), polymer, metal, and ceramic matrix composites [2, 3] . The application of SMA is unlimited in the field biomedical, and now, it is extended to the structural application. The excellent properties of SMA can be effectively utilized in structural application, only if it is properly shaped with good surface finish and dimensional tolerance [4] . The problem pertaining to the conventional machining operation is high tool wear rate and premature failure of the cutting tool. The reason for high tool wear rate is due to the excessive heat generation in the cutting tool interface and effect of strain hardening in the SMA materials [5] . SMAs can be fabricated by different processing methods. Powder metallurgy (PM) is also one among them and does have the advantages of better homogeneous distribution of reinforcement particles even at low temperature [4] [5] [6] . PM process is capable of producing the complex shape components to the near net shape at low cost and with better shape and size characteristics [7] . Though it is near to the net shape manufacturing process, subsequent secondary operations are required to achieve higher surface finish, desired shape, and size. The problem persists with conventional machining process' endurance with tool wear and poor machining capability; hence, alternative methods are necessary to machine the above materials without affecting the properties of the materials and with less or no wear. The nonconventional machining process like abrasive water jet machining (AWJM), electric discharge machining (EDM), and laser beam machining (LBM) does have the ability to cut the materials with least problems [8, 9] . AWJM could be one of the good examples to cut the materials with zero thermal distortion, low cutting force, and residual stress. Since the cutting force is low, it is possible to cut small holes in long parts [10] . These benefits can be effectively utilized while machining the hard-tomachine materials and ductile material. The other benefit is that the thickness of the materials can be cut in the range of 1-100 mm [11] .
In AWJM, the input parameters are categorized as follows: abrasive parameters, machining parameter, hydraulic parameter, and velocity parameters. Abrasive parameters are size, shape, diameter, type of abrasive materials, and abrasive mass flow rate. Machining parameters are transverse feed, standoff distance, impact angle, focus diameter, and number of passes. Similarly, hydraulic parameters are water flow rate, pump pressure, and orifice diameter. Performance and efficiency of the AWJM completely depend on the effect of these parameters on material removal rate (MRR), surface roughness (R a ), kerf angle (T a ), and depth of cut [12] . It is noticed that so many factors are affecting the efficiency of the process; therefore, there is a strong need of developing the mathematical models to create the relationship among the input and output parameters.
Jain et al. [13] evolved a genetic algorithm model to achieve higher MRR while machining the titanium material.
Power consumption by the machine is considered as constraint, and water jet pressure, transverse feed, abrasive mass flow rate, water mass flow rate, and diameter of the nozzle exit are considered as input parameters. Zain et al. [14, 15] applied two different techniques namely integrated approach of artificial neural network-simulated annealing and genetic algorithm-simulated annealing, in order to obtain the minimum surface roughness in AA7075 aluminum alloy. It is found that genetic algorithm-simulated annealing approach outfits the ANN-SA method by reducing the number of iteration to derive the optimal solution.
Kok et al. [16] established the surface roughness prediction model for aluminum composites by means of genetic programming approach by considering the depth of cut, size and shape of the particle, and % wt fraction. The experimental results of Manjaiah et al. [17] revealed that longer pulse rate on EDM machining of Ti 50 Ni 50-x Cu x increases the MRR, R a , and recast layer thickness [17] . Al-Zubaidi et al. [18] employed the gravitational search algorithm (GSA) method to optimize the end milling parameter, in order to get minimum surface roughness in Ti6Al4V alloy. An author has employed two techniques, and comparison is also made; it is found that GSA and GA are producing the same results, but the former is much faster than the later [18] . Goswami et al. [19] applied GSA and firework algorithm to increase the MRR and to minimize the R a . The experiments are conducted in ultrasonic machine to optimize the input parameters such as grit size, concentration of slurry, power rating, and transverse feed rate. Scanning through the literature, it is found that effect of addition of the nano SiC is not discussed and the application of GSA is not applied for the machining of aluminumbased composites. The study aims to discuss the effect of the addition of NiTi and NiTi-nano SiC on aluminum matrix materials and also to apply the novel technique GSA to optimize the AWJM parameters.
Materials and methods

Fabrication and machining of composites
Aluminum, nickel titanium, and nano SiC in the form of powder are used as the matrix and reinforcement material. The size of the powder is aluminum (Oxford Laboratory, <45 μm), titanium (Loba Chemie, <45 μm), nickel (IobalChemit, <44 μm), and silicon carbide (Metal Industries, 45 to 65 nm). To fabricate the composites, the required amount of the aluminum alloy powder, nickel, and titanium particles is taken precisely mixed in a planetary ball mill for 2 h. Four balls with 80 g made of WC-Co are used, and speed is maintained at 150 rpm. The ball-to-powder ratio of 10:1 and liquid ethanol are used as the process control agent. After ensuring the mechanical alloying of the powder particles, the powders are heated in induction furnace to remove the moisture content. The dried powders are compacted in cylindrical die by applying a mechanical pressure of 300 kPa followed by sintering process. The time and temperature for the sintering process are maintained for 60 min at 550°C.
In order to obtain the better morphological observations, the aluminum composites are polished in polishing machining using different grits of SiC emery sheets and followed by diamond paste polishing. Keller's agents are also prepared as per the standards and applied in the aluminum composites. The microstructural characterization of the sample composites is observed under a JEOL JSM-6480 LV scanning electron microscope. Based on the requirement, SEM images are taken using secondary electron (SE) and backscattered electron (BSE) modes. The unsurpassed potential resolution microstructures are taken at an appropriate accelerating voltage.
Vicker's hardness of the composites is measured using Vicker's hardness machine by applying the load of 300 g for the dwell period of 10 s. Before conducting the hardness test, the surface of the composites is polished and surface roughness is maintained in the range of 0.90 to 0.94 μm. ASTM standard B783 (φ9.53 mm and length 25.53 mm) is used to conduct the compression test, the experiments are repeated twice, and the average value is reported.
Machining of composites
Abrasive water jet cutting operation is performed on P System (Dardi International Corporations) Model DIPS6-2236. The flow rate and pressure of the abrasive are maintained at 3.1 l/min and 300 kPa. A three-parameter design with L 3 3 orthogonal array is used to conduct the experimental study as shown in Table 1 . The columns 1, 2, and 3 are assigned to pressure, standoff distance, and transverse feed. The measured output quality responses are surface roughness and kerf angle. The AWJM operations are performed with φ30 and 10 mm in height specimen. The specimen is firmly fixed on the special holder to avoid the damage during the machining process. After each machining operation, the specimen is removed from the holder to measure the surface roughness and kerf angle.
Surface roughness measurement is done with the help of MITOTOYA Surf 301 stylus profile meter. The sampling length and measuring speed of the profile meter are maintained as 0.5 mm/s and 12.5 mm. R a measurement is taken at six locations, and the average value is reported. Surface roughness is measured along the abrasive flow directions as well as perpendicular to the abrasive flow directions. The motic-optical microscope is used to measure the top and bottom kerf width of the machined surface. The kerf width is measured at two places on either side; the average of two results is used to compute the kerf angle as suggested by Kalirasu et al. [20] .
Gravitational search algorithm
The application of metaheuristic algorithm plays a vital role in solving the high-dimensional search space problems. In case of high-dimensional search space problems, finding the suitable solution consumes more time, because of its size. An increase in problem size increases the search space exponentially; as a result, employing exhaustive search may not be able to produce accurate results and also difficult to implement. In such situation, employing metal heuristic algorithm gives fruitful results in solving the high-dimensional space search problems. During the past, different metaheuristic algorithms have been proposed and successfully implemented in different fields to solve the optimization problems. However, there is no specific algorithm to solve all kinds of optimization problems; therefore, searching for the new metaheuristic algorithm is always an open problem [21] .
Rashedi et al. [22] introduced the concept GSA to solve optimization problems. The concept of law of gravity and mass interaction is used to develop this algorithm. Gravity is one of the fundamental interactions in the nature to accelerate the mass towards each other. Gravity does not require any medium or any time to accelerate the masses. Gravitational force (GF) can be expressed as follows:
In Eq. (1), F corresponds to the magnitude of the GF, G is the gravitational constant, M a and M p represents the mass of the objects, and R is the distance between the two masses. From Eqs. (1) and (2), GF is directly proportional to the masses of the object and indirectly proportional to the square of the distance. In GSA, every particle (agents) is expressed as objects and its output is calculated by its masses. GF between the particles attracts each other, which causes substantial total transfer of all the objects in the direction of the one of the heavier mass. GF between the mass would be the medium to swap the information from one object to other object directly. The decrease in distance between the particles leads to an increase in the GF, which causes the increase in mass of the object. The increase in the mass of the object leads to slow Transverse feed (F) m m / m i n 2 0 3 0 4 0 down the movement of the mass and leads to the identification of a global solution. Each mass in the system can be divided into four groups. They are active gravitational mass, passive gravitational mass, inertia mass, and positioning. The position of the mass plays an essential role in determining the solution of the problem, whereas fitness function is used to establish the gravitational and inertial mass. The position of the mass is updated after each iteration process, and the best fitness value is recorded along with the corresponding agents. Best fitness value becomes the global fitness of the problem.
The following are the steps adopted to derive the optimal solutions:
The position of the N number of agents is initialized randomly.
In Eq. (3) 
The acceleration of the a d i at t th iteration is computed using Eq. (7), while the force acting on the i th agent is computed Eq. (6). The expression in Eqs. (8) and (9) is used to compute the velocity and position of the i th and j th agents for the next iteration.
G (e) is computed with the expression given in Eq. (10). The initialization of G o and ∝ is done at the beginning to increase the search accuracy. T is the total number of iteration.
Equation (11) is used to compute the gravitational and inertial mass of i th and j th agent d th dimension and t th iteration process, where M ai is the active gravitational mass, M pi is the passive gravitational mass and M ii is the inertial mass of the i th agent.
To express the fitness evolution, the evaluation of the best and worst fitness for all agents is computed by Eq. (12). In Eq. (12), fit i (t) represents the fitness value of the i th agent at t th iteration process and wrost(t) and best (t) represent the worst and best fitness at t th iteration.
It is necessary to obtain a good compromise between the exploitation and exploration, which is to lessen the amount of agents that descends with time in Eq. (6). Careful attention is mandatory to select the proper exploration power and exploitation capability. Exploration should be given in the beginning itself, to avoid local optimum. To control the exploration and exploitation and to get the better performance of the algorithm, K best agent needs to attract the other agents. K best is the function of time, with the initial value of K 0 being at the beginning reducing with time.
Equation (6) can be modified as following expression, because at the end only, one agent is going to apply the force to the other agents. The reason is that once the time passes, the K best is decreased linearly. 
Regression model
Regression model is used to establish the relationship between two or more variables and to develop the mathematical model [23] . In AWJM, process parameters can be categorized into three major categories: pressure, transverse feed, and standoff distance. Considered output parameters in AWJM are surface roughness and kerf angle. A well-designed L 27 orthogonal array is utilized to carry out the experiments. As per the experimental design, the experiments were conducted and are presented in Table 2 . To ascertain the mathematical connection between the input variable and the output performance, statistical tool (Minitab software) is used. Third-order quadratic is the most efficient tool in the regression model to establish the connection between the input variable and output with more accuracy.
The output performance (y) is represented in Eq. (15) [24] .
In Eq. (15), x i and x j represent the input variables, β 0 , β i , β ii , and β ij represent the regression coefficient, and ε is the random error. Figure 1a , b shows the microstructural characterization of AlNiTi and Al-NiTi-nano SiC composites. It is observed from the micrographs that the NiTi and SiC particles are homogeneously distributed throughout the medium and the binding between the matrix and reinforcement is also good. Figure 2a , b shows the energy-dispersive X-ray (EDX) of the Al-NiTi and Al-NiTi-nano SiC composites; it shows the existence of the nickel, titanium, and SiC particles in the aluminum matrix. Figures 3 and 4 show the compression strength and hardness of the fabricated composites. The addition of the nano SiC in the composites enhances the strength of the composites by 31%. The increase in strength of the composite is attributed due to the dispersion strengthening mechanism. The strengthening mechanism of the composite is improved due to the mechanical alloying of the reinforcement particles and uniform average particle size of the SiC. It is obvious that the addition of ceramic content in the matrix materials increases the hardness of the composites. It is evident from the EDX analysis that there is no interfacial reaction occurred during the sintering process; it could be the reason for increase in hardness of the composites. Strength hardening mechanism effect would be the reason for increase in the hardness of the composite materials. In addition, homogenous distribution of intermetallic particles in the matrix materials leads to increase in hardness of the composites.
Result and discussion
Optimization of AWJM parameters
AWJM operation is performed on two materials, namely Al-NiTi and Al-NiTi-nano SiC composites. Table 2 shows the result of experiments conducted on two composite materials. It is interesting to compare the experimental result of Al-NiTi composites and Al-NiTi-nano SiC composites. The obtained results of both the composites are used to create the regression equation. Equations (16), (18), (17), and (19) show the surface roughness and kerf angle model for Al-NiTi and Al-NiTi-nano SiC composites. ANOVA is carried out to study the effect of input variables on surface roughness and kerf angle of the Al-NiTi composite materials. From the analysis (Table 3) , it is found that the transverse feed could be a strong influencing parameter affecting the surface roughness with 50.84% and pressure and standoff distance with a percentage contribution of 44.04 and 4.81%, respectively. The similar kind result is also observed by Sasikumar et al. [25] while machining the Al7075-5% TiC-5% B 4 C composites [25] . By adopting the same procedure, the effect of input parameter on kerf angle (Table 4 ) is studied; the study reveals that standoff distance is the most effective input variable affecting the kerf angle of the composites with a percentage contribution of 44.97%, followed by transverse feed (28.18%) and pressure (22.56%). The interactions between the input variables are having less effect on the surface roughness and kerf angle.
Similarly, the ANOVA (Tables 5 and 6 ) is performed on Al-NiTi-nano SiC composites and it is found that the surface roughness of the composites is highly affected by the pressure with a percentage of contribution of 51.45% followed by feed rate (36.08%), standoff distance (9.83%). The results are in good agreement with the result of Sasikumar et al. [25] . Kerf angle of the composites highly depends on the standoff distance with a percentage of contribution of 33.8%, followed by pressure (17.58%) and feed rate (29.8%). 
Optimization of machining parameters using GSA
The aim of the experiment is to reduce the surface roughness and kerf angle of the composites; therefore, it is mandatory to identify the optimal value of the decision variables. To compute the optimal values, the mathematical model developed by the regression method is used as fitness function (objective function). The uncoded Equations (16), (17), (18), and (19) are used as fitness function in the GSA. The boundary values are taken from Table 1 to minimize the surface roughness and kerf angle of the composites. The boundary conditions are as follows:
Based on the experimental results, fitness function, and boundary conditions, the GSA adopts the following procedure to derive the optimal solution. The first and foremost point is fixing of initial population size, number of agents, and initial value of the GF constant. As of now, GSA is not applied to AWJM machining process; therefore, no guidelines are available to decide the gravitational constant and initial value for agents. So, the trial-and-error method is employed to understand the behavior of the GSA in determining the optimal solution. After conducting 50 trial runs for each output performance, the minimum value of the surface roughness and kerf angle is presented in Tables 7 and 8 . Based on the fitness function, boundary condition, and GSA parameters used in Tables 7 and 8 , the conclusion of the optimization is shown in Figs. 5 and 6 .
From Fig. 5a , b, it is understood that the surface roughness of the Al-NiTi and Al-NiTi-nano SiC composites is 5.791 and 7.182 μm. From Fig. 6a, b , kerf angles of Al-NiTi and Al-NiTi-nano SiC composites are 0.3282 and 0.4363°. Tables 7 and 8 show the recommended optimal machining condition to achieve lower surface roughness and kerf angle. The optimal machining conditions that resulted in minimum surface roughness for Al-NiTi and Al-NiTi-nano SiC composites, derived from the fitness function, are a pressure of 176 kPa, a standoff distance of 1.1 mm, and a transverse feed rate of 20 mm/min and a pressure of 180 kPa, a standoff distance of 1 mm, and a transverse feed rate of 20 mm/min.
The similar procedure is repeated to derive the optimal condition for kerf angle using the procedure adopted for surface roughness. Equations (17) and (19) are used as fitness function. Optimal condition for achieving the minimum kerf angle in Al-NiTi and Al-NiTi-nano SiC composite is set at a pressure of 260 kPa, a standoff distance of 1 mm, and a transverse feed rate of 20 mm/min and a pressure of 255 kPa, a standoff distance of 1 mm, and a transverse feed rate of 20 mm/min.
It is interesting to note that the pressure plays a vital role in deciding the minimum surface roughness and kerf angle of the both composites. Though the other parameters do have significant contribution as per the ANOVA table, while deciding the optimal value, the importance of standoff distance and feed rate becomes less. However, the derived regression model (fitness function) for the surface roughness is different for both the composite materials; nonetheless, the boundary conditions are same. The result of GSA for the surface roughness of the composites is different; it means that the addition of SiC in the Al-NiTi has a significant role in altering the machining process. Since it is very difficult to cut the SiC reinforcement by the abrasive particles, it requires more kinetic energy. Similarly, to achieve the minimum kerf angle for the both composites, the regression model (fitness function) is different and it leads to the different optimal condition. SEM (Fig. 7) observation is made at different locations of the machined part to understand the effect of optimal AWJM parameters on surface roughness and kerf angle. Normally, SEM observation is made at the entry of the abrasive jet (top) and at the centre and the exit zone of the abrasive jet (bottom) [26] .
At optimal condition, the upper part of the cut shows that the titanium and nickel particles uniformly are broken by the abrasive particles (Fig. 7a) since the kinetic energy of the abrasive particle is high enough to break the reinforcements to form a smooth surface in the upper region [27] . It is evident from the SEM image (Fig. 7a) that there is no striation formation in the machined surface, which indicates that the surface is uniform and smooth. Therefore, it is understand that the erosion occurs mainly by cutting and the influence of deformation wear is negligible. The same effect has been observed in the middle part of the machined surface, but it is interesting to note that at the exit area, reinforcement particles are rounded and partially removed from the aluminum matrix material. The reason partial removal is due to the loss of kinetic energy of the abrasive particles. This is in good accordance with work on Al7075-TiC-B 4 C hybrid composites [16] . The SEM image of the Al-NiTi (Fig. 7c) composites contains crater in the bottom of the machined surface. The formation of the crater is due to the hitting of hard abrasive particles over the machined surface. Near to the crater, there are small pores which are attributed due to the microcutting action of abrasive particle. The fractured element near to the crater and the crater leads to increases in the surface roughness. The other reason for the increase in the surface roughness is attributed due to the particle pull out from the grain boundary because of the microcutting effect. a GSA Optimization curve for Al-NiTi-nano SiC -R a b GSA Optimization curve for Al-NiTi-nano SiC -T a Figure 8 shows the SEM image of the Al-NiTi-nano SiC composites at optimal conditions. At the upper cut region, the machined surfaces are smooth compared to the Al-NiTi composites. The same trend has been followed even at mid region of the machined surface, and some of the particles left out in case of the exit (bottom) of the composites. The surface roughness obtained in the Al-NiTi-nano SiC is low when compared to the Al-NiTi composites. In case Al-NiTi-nano SiC, the main cutting phenomenon is the effect of transgranular fracture; the nature of transgranular fracture is to cut the edges of the particulates by ignoring the grains in the individual lattices. This action is attributed to the formation of less sharp edges and provides smooth surface at the top and mid of the machined surface [28] .
It is evident from the SEM image of the Al-NiTi-nano SiC composites that the top and mid of the machined surface show almost uniform grooves. At higher pressure, low feed rate, and low standoff distance, it is possible to obtain good surface finish, since all the kinetic energy of the particle is used to cut the materials. This is in good accordance with the result of Stoic et al. [29] . The exit area of the machined surface is fine and containing more grooves, thus increasing the surface roughness compared to the top and bottom. Nano SiC particles removed from the top and middle of the composites could be the reason for making the bottom surface rough and uniform since the removed SiC particles from the composites itself act as a cutting medium to remove the matrix and particles. Though there is loss of kinetic energy at the bottom, the addition of SiC particles along with garnet provided more number of abrasive particles available in machining zone.
In addition to that at the top, the SiC particle is removed by the action of brittle fracture. The brittle fracture leads to the formation of the new sharp edge SiC particles. The hardness of the SiC particle is around 9.5-10 in Mohr's scale, which is slightly higher than the hardness of the garnet, nickel, and titanium; therefore, removal of aluminum matrix and reinforcement become easier. It is also confirmed that the SEM image of the machined surface, in top and mid of the machined surface, is having uniform groove size and it is approximately equal to the average size of the garnet particle, whereas at the exit of the specimen, the groove varied in size. It implies that the abrasion in aluminum matrix comes out partially because of SiC. At the exit region, there are no pores and craters observed in the SEM image. This could be the reason for reduction in the surface roughness of the composites.
Conclusion
The aim of the study is to understand the effect of nano SiC on Al-NiTi composites. Hardness and compression strength of the Al-NiTi and Al-NiTi-nano SiC composites are measured, and it is found that the addition of nano SiC increases the hardness and strength by 28.5 and 31%, respectively. To understand the machining characteristics of both the composites, the experimentation is conducted based on the L 27 orthogonal array. Comparison of AWJM experimental result is made to discuss the outcome of input parameter on surface roughness and kerf angle of the Al-NiTi and Al-NiTi-nano SiC composites. It is found that the addition of nano SiC decreases the surface roughness and kerf angle to certain extent.
The novel GSA is used to ascertain the optimal condition of the machining parameters of Al-NiTi and Al-NiTi-nano SiC composites. The trial-and-error method is adopted to fix the gravitational constant value, number of iteration, and number of agents. The process is repeated 50 times, and average values are calculated to identify the optimal value for minimum surface roughness and kerf angle.
It is found that the addition of SiC varied the optimal condition, particularly pressure limits; other parameters are not affected. It is observed that the addition of SiC requires more pressure to cut and round the SiC particles. In case of kerf angle, an increase in pressure at the exit removes the excess material, due to the less restriction of the Al-NiTi.
ANOVA is also performed to study the consequence of each parameter on surface roughness and kerf angle. It is found that the surface roughness depends on the pressure and transverse feed, whereas the kerf angle is highly affected by standoff distance.
